Proton pump inhibitors (PPIs) have been associated with Clostridium difficile infection (CDI) in several recent studies. However, other studies have not shown this association, and the mechanism by which PPIs might promote CDI has not been elucidated. We hypothesized two possible mechanisms of causation: first, by raising pH, PPIs may prevent gastric contents from killing C. difficile spores; second, gastric contents of PPI-treated patients may promote germination and outgrowth of C. difficile spores. Survival rates of spores from six different strains of C. difficile in acidic gastric contents were assessed using quantitative cultures on selective media. Germination and outgrowth of spores were assessed by heat shock at 80°C, phase-contrast microscopy, and ethanol shock after incubation for 24 h in the gastric contents of patients and in the gastric, small intestinal, and cecal contents of mice. C. difficile spores survived and remained dormant in nonbilious gastric contents with acidic pH. Germination did not occur in unmodified gastric contents of patients but did occur with the addition of taurocholic acid and amino acids. In mice, germination did not occur in gastric contents but did occur in small intestinal and cecal contents. In summary, C. difficile spores survived in acidic gastric contents and did not undergo germination and outgrowth in gastric contents, probably due to lack of essential germinants, such as taurocholic acid. Our results suggest that the effects of PPIs in the stomach do not contribute to the pathogenesis of CDI.
Clostridium difficile is a gram-positive, anaerobic spore-forming bacillus that is the most common infectious cause of health care-associated diarrhea in developed countries (19) . The recent emergence of an epidemic strain, termed North American pulsed-field gel electrophoresis type 1, or NAP1, has been associated with large outbreaks of C. difficile infection (CDI) in North America and Europe (14, 15) . In addition to traditional risk factors, such as exposure to antibiotics and increased underlying disease severity (19) , several recent studies have reported an association between proton pump inhibitors (PPIs) and nosocomial (1, 3, 4, 27) or community-associated (5, 6) CDI. Because PPIs are often used in the absence of clear indications (20) , it might be feasible to reduce the use of these agents as a control strategy for C. difficile. However, the role of PPIs in the pathogenesis of CDI is controversial because some studies have not associated PPIs with C. difficile (10, 18, 21, 25) and the mechanisms by which acid-suppressive medications might promote CDI are unclear.
Gastric acid provides a host defense by killing ingested pathogens (20) . PPIs could promote CDI by raising pH, thereby preventing gastric contents from killing ingested C. difficile. However, C. difficile exists primarily in the acid-resistant spore form in the environment (10) , and animal models suggest that spores pass through the stomach and germinate in the small intestine, presumably due to stimulation by bile salts (26) . Because bile salts can be detected in low concentrations in the stomachs of healthy volunteers and patients with reflux disease (2, 8) , it is plausible that C. difficile spores could germinate in the gastric contents of PPI-treated patients. Germination in the stomach could potentially facilitate colonization by increasing the numbers of actively dividing C. difficile spores reaching the intestinal tracts of susceptible individuals (5, 10) . We have previously demonstrated that the vegetative form of C. difficile survives in the gastric contents of PPI-treated patients with pHs greater than 5 (10) . In addition, we demonstrated that spores from three strains of C. difficile were not killed in acidic gastric contents (20) . Here, we examined the survival rates of spores from six different strains of C. difficile in the gastric contents of hospitalized patients not receiving PPIs and tested the hypothesis that germination occurs in the gastric contents of PPI-treated patients.
MATERIALS AND METHODS

Patients.
Aspirates of gastric contents were obtained from adult patients with a nasogastric tube placed as a part of their hospital care. Patients with known small bowel obstruction, bilious drainage, or significant upper gastrointestinal bleeding were excluded. For patients receiving PPI therapy, aspirates were collected from 2 to 12 h after the PPI dose. Only patients receiving PPI therapy for at least 3 days were enrolled. Information regarding demographics, indications for nasogastric tube placement, and medications, including PPIs, was obtained by medical record review. The experimental protocol was approved by the Cleveland Veterans Affairs Medical Center's institutional review board.
C. difficile strains. Six C. difficile strains were studied. Five of the strains were cultured from patients with CDI in Cleveland and were characterized by pulsedfield gel electrophoresis and by restriction endonuclease analysis (REA) typing; two were epidemic NAP1 (REA type BI) strains (VA 17 and VA 15), and three were REA J-type strains (VA 11, VA 10, and VA 19). The sixth isolate (ATCC 43593) was a nontoxigenic strain from the American Type Culture Collection (ATCC).
Preparation of spores. Spores were prepared by growth on Duncan and Strong agar medium as previously described (7, 16) . Spores were stored at 4°C in sterile distilled water until use. Spores were confirmed by phase-contrast microscopy and malachite green staining to be Ͼ98% free of vegetative cells or cell debris.
Survival of C. difficile spores in gastric contents. Survival of spores in gastric acid in the gastric contents of subjects not receiving PPI therapy was assessed. The gastric contents were used within 4 h of collection or stored for up to 1 month at Ϫ20°C. Preliminary experiments demonstrated that identical results were obtained with fresh gastric aspirates versus aspirates stored at Ϫ20°C for up to 1 month. Samples were prereduced in an anaerobic chamber for at least 4 h prior to inoculation with 10 6 CFU of the six different strains of C. difficile spores. After 24 h of incubation, the number of viable spores was assessed by diluting samples 1:1 in absolute alcohol, followed by plating of serial dilutions on prereduced cycloserine-cefoxitin-fructose agar containing 0.1% taurocholic acid and 5 mg/liter lysozyme (CCFA-TAL).
Germination and outgrowth of C. difficile spores in gastric contents. Initial experiments were performed to assess germination and outgrowth of spores from the six C. difficile strains in gastric contents. A spore germination medium containing 18 amino acids (i.e., cysteine, isoleucine, leucine, proline, tryptophan, valine, arginine, glycine, histidine, methionine, tyrosine, phenylalanine, alanine, lysine, serine, aspartic acid, glutamic acid, and threonine) and minerals (i.e., potassium phosphate, sodium phosphate, sodium chloride, calcium chloride, magnesium chloride, manganese chloride, ammonium sulfate, ferrous sulfate, cobalt chloride, and sodium bicarbonate), prepared as previously described by Karasawa et al. (11), plus 0.1% taurocholic acid was used as a positive control, and sterile water was used as a negative control. Samples were allowed to prereduce in the anaerobic chamber for at least 4 h, and 200-l aliquots were inoculated with 10 6 CFU of spores. Aliquots at baseline and after 24 h of incubation were analyzed for germination and outgrowth by using three methods. First, aliquots of each sample were viewed under a phase-contrast microscope to assess whether the spores remained dormant (bright phase) or germinated (dark phase). Second, aliquots were heat shocked at 80°C for 5 min and spores were enumerated by plating serial dilutions on CCFA-TAL to assess whether germination was initiated. Dormant spores remain resistant to heat at 80°C, while spores that have initiated germination are killed at this temperature (7) . Finally, aliquots were diluted 1:1 in absolute alcohol or phosphate-buffered saline (PBS) and then serially diluted in PBS and plated on CCFA-TAL to enumerate spores and vegetative cells, respectively. Spores that have initiated germination are killed by heat but not alcohol, whereas spores that have begun outgrowth are killed by heat or alcohol (9, 11) .
Additional experiments were performed using one of the C. difficile strains (VA 17, an epidemic BI strain) to assess whether germination of spores could be induced in gastric contents by the addition of germinants. The gastric contents were modified to include either 0.1% taurocholic acid and minerals; a solution of 18 amino acids and minerals prepared as noted above; or a combination of taurocholic acid, amino acids, and minerals (i.e., the spore germination medium noted above).
Mouse model of C. difficile spore germination. A mouse model was used to provide an additional assessment of the site of germination of spores in the intestinal tract. Female CF1 mice (Harlan Sprague-Dawley, Indianapolis, IN) weighing 25 to 30 g were treated with subcutaneous protonix (a PPI) at 0.8 mg/day in 0.2 ml for 3 days. Four hours after the final dose, the mice were killed by CO 2 asphyxiation. The stomach, small intestines, and cecum were removed, and the pH was measured. The samples were placed in an anaerobic chamber (Coy Laboratories, Grass Lake, MI) and prereduced for at least 4 h. Each sample was inoculated with 10 6 CFU of C. difficile spores (VA 11, J strain, and VA 17, BI strain). The number of heat-resistant spores was assessed at baseline and after 60 min by heat shocking aliquots of each sample at 80°C for 5 min. Samples before and after heating were serially diluted and enumerated as described above.
Statistical analysis. Student's t test was used to compare means of results from different experimental groups (Microsoft Corporation, Redmond, WA).
RESULTS
Characteristics of subjects. Samples of gastric contents were obtained from 20 patients, including 13 receiving PPI therapy and 7 not receiving PPI or other acid-suppressive therapy. The indications for the nasogastric tubes included gastric decompression in postsurgical or ventilator-dependent patients (n ϭ 9), initiation of enteral feeding (n ϭ 4), evaluation for upper gastrointestinal bleeding (n ϭ 4), and administration of medications (n ϭ 3). The pHs of gastric contents from patients on PPI therapy ranged from 4.65 to 7.28 (mean pH ϭ 6.43).
Patients not receiving PPI therapy had gastric contents that ranged from pH 0.95 to 4.89 (mean pH ϭ 2.34).
Survival of C. difficile spores in gastric contents. Figure 1 shows the results for assessment of C. difficile spore survival in gastric contents of patients not receiving PPI therapy. After 24 h of incubation, there was no significant difference in the concentrations of viable spores for any of the six test strains in gastric contents versus in PBS (P ϭ 0.44).
Germination and outgrowth of C. difficile spores in gastric contents. Figure 2 shows the results for the assessment of germination and outgrowth of spores in gastric contents, as indicated by killing by alcohol. In the spore germination medium (positive control), the concentration of C. difficile was reduced by 2.8 to 4 logs by alcohol shock, indicating initiation of germination and outgrowth. Phase-contrast microscopy confirmed outgrowth based on the presence of vegetative rods after 24 h of incubation. In contrast, there was no reduction of the spore counts induced by alcohol shock for spores incubated in sterile water or gastric contents. Phase-contrast microscopy confirmed that spores remained dormant (i.e., no evidence of initiation of germination), as indicated by spores remaining in bright phase after 24 h of incubation. In sterile water and gastric contents, spores remained resistant to heat shock at 80°C, providing further confirmation that germination had not been initiated (data not shown).
As shown in Fig. 3 , the combination of amino acids, taurocholic acid, and minerals induced germination and outgrowth of spores of strain VA 17, as indicated by killing by alcohol, whereas amino acids or taurocholic acid (in combination with minerals) separately was insufficient to induce germination and outgrowth. The addition of amino acids, taurocholic acid, and minerals to gastric contents resulted in germination and outgrowth of seven of nine samples tested. Interestingly, the addition of taurocholic acid and minerals to gastric contents did not induce germination and outgrowth (P ϭ 0.32 for comparison to water control), whereas amino acids and minerals added to gastric contents stimulated germination and outgrowth in 6 of 11 gastric content samples tested. The addition of amino acids and minerals resulted in an average reduction of 1.7 logs in the spore count versus a 3.4-log reduction with the addition of amino acids, taurocholic acid, and minerals (P ϭ 0.04), as indicated by killing by alcohol. The pH ranges of the gastric content samples that did and did not show germination were similar (4.0 to 6.8 and 4.6 to 6.4, respectively). The addition of amino acids, minerals, and taurocholic acid did not affect the pH of the gastric contents.
Mouse model of C. difficile spore germination. The results of C. difficile spore germination in a mouse model are presented in Fig. 4 . The pH values of the gastric, small intestine, and cecal contents were 5.4, 6.4, and 6.3, respectively. Spores of both test strains did not initiate germination or begin outgrowth in gastric contents of mice, as indicated by resistance to killing by heat. In small-intestinal contents and in cecal contents, the spores of both strains initiated germination to the same degree as in the spore germination medium.
DISCUSSION
We found that C. difficile spores were not killed in acidic gastric contents and did not germinate or begin outgrowth in the gastric contents of hospitalized patients receiving or not receiving PPIs. The addition of taurocholic acid, amino acids, and minerals stimulated germination and outgrowth of spores in seven of nine gastric content samples tested, suggesting that the absence of germination was due to lack of sufficient concentrations of germinants rather than due to inhibition of germination. In mice, initiation of germination occurred in smallintestinal and cecal contents but not in gastric contents. These findings do not support the hypotheses that PPI therapy might promote CDI by reducing killing of spores or by promoting germination of spores in the stomach.
The signals triggering C. difficile spore germination after ingestion are not completely understood. On the basis of findings in a hamster model, Wilson et al. (26) suggested that germination occurred in the small intestine and was stimulated (22) have subsequently demonstrated that bile salts alone do not induce germination but that bile salts in combination with the amino acid glycine served as cogerminants for C. difficile spores. Our findings are consistent with those of Sorg and Sonenshein (22) in that the addition of taurocholic acid alone to gastric contents was insufficient to induce germination of spores but that addition of taurocholic acid in combination with 18 amino acids (including glycine) did induce germination. Interestingly, addition of amino acids alone induced germination in 6 of 11 gastric samples, suggesting that germination may not occur in the stomach, primarily due to insufficient levels of cogerminants, such as amino acids.
In the absence of a clear mechanism by which PPIs might promote CDI, it is possible that these agents do not promote CDI and that the association demonstrated in some studies is due to unidentified confounding factors. Alternatively, it has been proposed that PPIs may be associated with CDI due to effects in areas other than the stomach. For example, H ϩ /K ϩ ATPases, the target of PPIs, have been identified in the colon (12) . However, it is not known if these medications have any impact on the pathogenesis of CDI in the colon. It has also been demonstrated that PPIs may have antibacterial activity (13) . However, we found that PPI therapy, in the absence of concurrent antibiotic therapy, did not promote colonization by vancomycin-resistant enterococci and Klebsiella pneumoniae, suggesting that these agents do not have significant adverse effects on the indigenous intestinal microflora (23) . Our study has limitations. First, we examined germination and outgrowth in vitro in gastric and intestinal contents rather than in vivo. Second, only male patients, most of whom were elderly, were included in the study population. Third, we collected gastric samples only from subjects with nasogastric tubes placed for clinical indications. We cannot exclude the possibility that there are differences between the subjects studied and patients who do not have nasogastric tubes. For example, the subjects were all fasting, which might reduce the likelihood of germination being stimulated by dietary amino acids.
In summary, C. difficile spores were not killed in acidic gastric contents and did not germinate or begin outgrowth in gastric contents of hospitalized patients. In mice, initiation of germination did not occur in gastric contents but did occur in small-intestinal and cecal contents. These findings do not suggest a mechanism by which PPI therapy might promote CDI. 
